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In many genetic disorders, the responsible gene and its protein product are unknown. The technique known as "reverse genetics," in which chromosomal map positions and genetically linked DNA markers are used to identify and clone such genes, is complicated by the fact that the molecular distances from the closest DNA markers to the gene itself are often too large to traverse by standard cloning techniques. To address this situation, a general human chromosome jumping library was constructed that allows the cloning of DNA sequences approximately 100 kilobases away from any starting point in genomic DNA. As an illustration of its usefulness, this library was searched for a jumping clone, starting at the met oncogene, which is a marker tightly linked to the cystic fibrosis gene that is located on human chromosome 7. Mapping of the new genomic fragment by pulsed field gel electrophoresis confirmed that it resides on chromosome 7 within 240 kilobases downstream of the met gene. The use of chromosome jumping should now be applicable to any genetic locus for which a closely linked DNA marker is available.
HE USE OF LINKAGE ANALYSIS (1)
and high-resolution cytogenetics has allowed chromosomal mapping in an increasing number of disorders of single human genes, even in situations where gene function is unknown. Recent examples include Huntington disease (2), adult polycystic kidney disease (3), cystic fibrosis (4-7), chronic granulomatous disease (8), Duchenne muscular dystrophy (9), and familial retinoblastoma (10). In the last three of these disorders mapping has led directly to the cloning of a candidate gene, raising hopes that this "reverse genetics" (11) approach may be widely successful for cloning disease-associated genes for which no protein product is known. In general, however, the closest DNA markers to a disease gene IO46 HE USE OF LINKAGE ANALYSIS (1) and high-resolution cytogenetics has allowed chromosomal mapping in an increasing number of disorders of single human genes, even in situations where gene function is unknown. Recent examples include Huntington disease (2), adult polycystic kidney disease (3), cystic fibrosis (4-7), chronic granulomatous disease (8), Duchenne muscular dystrophy (9), and familial retinoblastoma (10). In the last three of these disorders mapping has led directly to the cloning of a candidate gene, raising hopes that this "reverse genetics" (11) approach may be widely successful for cloning disease-associated genes for which no protein product is known. In general, however, the closest DNA markers to a disease gene IO46 are often hundreds of kilobases away. In cystic fibrosis (CF), for example, the gene has been localized to the long arm of chromosome 7 by the finding that it is closely linked to two molecular probes, the met oncogene (6) and the DNA fragment pJ3.11 (7), both of which are placed at less than 0.5 centimorgan from the CF gene by current linkage estimates (12) . Because, on the average, 1 centimorgan is represented by about 1000 kilobases (13), cloning the CF locus or any other disease locus by reverse genetics is likely to require crossing hundreds of kilobases. To address the general problem of cloning over such large distances, we have recently described a method of "chromosome jumping" (13, 14) . In a model system we showed that this technique are often hundreds of kilobases away. In cystic fibrosis (CF), for example, the gene has been localized to the long arm of chromosome 7 by the finding that it is closely linked to two molecular probes, the met oncogene (6) and the DNA fragment pJ3.11 (7), both of which are placed at less than 0.5 centimorgan from the CF gene by current linkage estimates (12) . Because, on the average, 1 centimorgan is represented by about 1000 kilobases (13), cloning the CF locus or any other disease locus by reverse genetics is likely to require crossing hundreds of kilobases. To address the general problem of cloning over such large distances, we have recently described a method of "chromosome jumping" (13, 14) . In a model system we showed that this technique could be used to cross a distance of 45 kb (14) . Lehrach and co-workers have independently described a similar scheme (15). To demonstrate the practical application of our technique, we have constructed a general jumping library and derived from it a cloned sequence of DNA that lies approximately 100 kb downstream from the met oncogene.
A human chromosome jumping library was constructed (16) from human lymphoblastoid cell DNA (see Fig. 1 ). In this instance, the distance of the jumps represented in the library (the "hopsize") was chosen to be approximately 100 kb by size selection of genomic DNA molecules in the size range of 80 to 130 kb. The principle of the technique, as previously outlined (13-15), depends on the formation of large genomic circles from size-selected DNA, bringing together the genomic fragments that were originally 100 kb apart. Note that a light partial digestion with the restriction enzyme Mbo I, which cuts frequently in genomic DNA, is performed prior to size selection, so that there is no significant bias for a particular sequence to occur at the junction of the circles. In each clone, the position of the joining of the two genomic fragments is marked by a suppressor transfer RNA or supF gene (17), which allows selection for these fragments after the circles are digested with Eco RI and ligated into a could be used to cross a distance of 45 kb (14) . Lehrach and co-workers have independently described a similar scheme (15). To demonstrate the practical application of our technique, we have constructed a general jumping library and derived from it a cloned sequence of DNA that lies approximately 100 kb downstream from the met oncogene.
A human chromosome jumping library was constructed (16) from human lymphoblastoid cell DNA (see Fig. 1 ). In this instance, the distance of the jumps represented in the library (the "hopsize") was chosen to be approximately 100 kb by size selection of genomic DNA molecules in the size range of 80 to 130 kb. The principle of the technique, as previously outlined (13-15), depends on the formation of large genomic circles from size-selected DNA, bringing together the genomic fragments that were originally 100 kb apart. Note that a light partial digestion with the restriction enzyme Mbo I, which cuts frequently in genomic DNA, is performed prior to size selection, so that there is no significant bias for a particular sequence to occur at the junction of the circles. In each clone, the position of the joining of the two genomic fragments is marked by a suppressor transfer RNA or supF gene (17), which allows selection for these fragments after the circles are digested with Eco RI and ligated into a phage vector. The efficiency of each step must be high, since only the DNA immediately adjacent to the supF gene will be cloned. However, we found it possible to generate a library of approximately 2 million independent jumping clones from 4 pg of 100-kb size-selected DNA.
This type of library should contain sequences from the entire genome. A different variety of jumping library, generated by circularizing complete genomic digests with a restriction enzyme that cuts rarely (such as Not I), has also been proposed (13, 15) . In such a library the DNA is not size-selected and many fewer clones are required to represent all possible junction fragments. It has the disadvantage, however, of not being usable unless one is starting at one of these rare restriction sites.
One million clones from our library were screened with the metG probe (18-20), which is a 2.2-kb Pst I genomic fragment near the 3' end of the met oncogene (19) . Four positive X phage were plaque-purified, DNA was prepared, and the phage inserts were restriction-mapped. All four of the positive clones contained part or all of the metG sequence, one or two supF genes, and another fragment of DNA. One clone had a jumping fragment too small to be useful (<100 bp). Two other jumping fragments contained repetitive sequences. The fourth, denoted CF63 (Fig. 1) , consisted of 0.7 kb of single-copy sequence and was chosen for further study. By noting the orientation of the metG sequence in this clone (Fig. 1) and considering the topology of circle formation, we concluded that CF63 was located downstream to the 3' end of the met transcription unit. Since the DNA size selection in preparing the library was rather broad, we could not specify the exact distance of CF63 from metG, but it should be between 80 and 130 kb. A major concern about the jumping approach is that if tandem ligation of unrelated DNA molecules occurs along with circle formation, this will give rise to junction fragments in which the two genomic sequences are completely unrelated. Although the ligation was performed at low DNA concentration to reduce this possibility, any damage to the DNA ends would have increased the likelihood of meaningless fragments. We therefore mapped the CF63 sequence using Southern blotting with a somatic cell hybrid that contains human chromosome 7 on a mouse background. CF63 was found to map to human chromosome 7, with no hybridization observed from mouse DNA (Fig. 2) . Characterization of this jumping library with other probes indicated that the majority of clones have the desired properties; for example, of ten that have been mapped, nine have both the starting point and the end point of the jump on the same chromosome (21).
To further establish the validity of CF63, we used pulsed field gel electrophoresis (PFGE) techniques (13, (22) (23) (24) (25) (26) (27) . PFGE is capable of separating DNA molecules up to 2000 kb in size, and thus can be used in conjunction with Southern blotting to map relatively large regions of the genome. Figure 3A shows restriction digests of human DNA samples with the enzymes Not I and Sfi I. Each enzyme generates a wide distribution of DNA fragments from less than 50 kb to well above 1000 kb. The DNA fragments were transferred to a nylon membrane and hybridized, first with the CF63 probe (Fig. 3B) , and subsequently (after stripping of the CF63 probe) with metG (Fig. 3C) version strated that about 95% of the DNA remained at the ,arsin 9 origin. To eliminate the 5% that was sheared, the d was 9
blocks were "pre-electrophoresed" in the PFGE box was 3 to for 2 hours to remove DNA less than 1000 kb in )ur run. size, and then the blocks were removed from the gel. With the use of nuclear magnetic resonance (NMR) techniques (4, 5) a large number of approximate interproton distances for certain proteins (up to 80 residues) can be obtained (6, 7) and used to build three-dimensional structural models. Because of the limitations on the number and the range (only <5 A) of these distances, the NMR data must be complemented with information about covalent structure (derived from bond lengths, bond angles, and dihedral angles) and internal packing requirements (derived from van der Waals repulsions). Restrained molecular dynamics, in which the energy function is augmented by effective potentials obtained molecular replacement method should work are available only for specific cases (3).
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With the use of nuclear magnetic resonance (NMR) techniques (4, 5) a large number of approximate interproton distances for certain proteins (up to 80 residues) can be obtained (6, 7) and used to build three-dimensional structural models. Because of the limitations on the number and the range (only <5 A) of these distances, the NMR data must be complemented with information about covalent structure (derived from bond lengths, bond angles, and dihedral angles) and internal packing requirements (derived from van der Waals repulsions). Restrained molecular dynamics, in which the energy function is augmented by effective potentials obtained from interproton distances (8-10), can add sufficient information to determine the solution structure of a protein. The method has been shown to yield converged structures with root-mean-square (rms) deviations from the x-ray structure of 1.5 to 3.0 A (9, 10). Similar results have been obtained with distance geometry algorithms (11, 12). Recently the structure of the tx-amylase inhibitor tendamistat has been solved independently by x-ray crystallography and NMR spectroscopy (13, 14) ; a comparison of the two structures indicates reasonable agreement.
We show in this report that structures obtained for a protein in solution with NMR data can be used to solve the crystal structure of the same protein by molecular replacement (1-3) . As a test we use crambin (15), a protein of 46 residues, for which NMR structures with simulated data have been obtained (9, 10). We show that the individual NMR structures are not sufficiently accurate to solve the rotation and translation functions uniquely. Use of the refined x-ray structure itself as a model demonstrates that crambin is a difficult case for the molecular replacement method. We obtained the correct solution when we averaged over an ensemble of NMR structures or used the average structure derived from them. We demonstrate that the averaged from interproton distances (8-10), can add sufficient information to determine the solution structure of a protein. The method has been shown to yield converged structures with root-mean-square (rms) deviations from the x-ray structure of 1.5 to 3.0 A (9, 10). Similar results have been obtained with distance geometry algorithms (11, 12). Recently the structure of the tx-amylase inhibitor tendamistat has been solved independently by x-ray crystallography and NMR spectroscopy (13, 14) ; a comparison of the two structures indicates reasonable agreement.
We show in this report that structures obtained for a protein in solution with NMR data can be used to solve the crystal structure of the same protein by molecular replacement (1-3) . As a test we use crambin (15), a protein of 46 residues, for which NMR structures with simulated data have been obtained (9, 10). We show that the individual NMR structures are not sufficiently accurate to solve the rotation and translation functions uniquely. Use of the refined x-ray structure itself as a model demonstrates that crambin is a difficult case for the molecular replacement method. We obtained the correct solution when we averaged over an ensemble of NMR structures or used the average structure derived from them. We demonstrate that the averaged
